Size-controlled preparation of agar gel microbeads using monodisperse water-in-oil (W/O) emulsion was investigated. W/O emulsions were prepared by microchannel (MC) emulsification using three grooved MC plates with different geometries of the MC region. The addition of sodium chloride to the dispersed phase was necessary for stable preparation of monodisperse agar-containing W/O emulsions. The mean droplet size varied from 15 to 34μm depending on MC geometr y, while the coefficient of variation was below 10%. Monodisperse agar gel microbeads were obtained by cooling the emulsion droplets prepared at a temperature higher than the gel point of the agar solution. Emulsification conditions (e.g., agar concentration and emulsification temperature) affected droplet diameter and uniformity of the W/O emulsions. Monodisperse and quasi-monodisperse W/O emulsions could be prepared at agar concentrations of 0.5 to 2.0 wt% and at emulsification temperatures of 40 to 50℃, which exceeded the gel point of the agar solution. At temperatures below the gel point, MCs were partly clogged by the to-be-dispersed agar solution, due to partial gelation of the agar solution. However, above 50℃, emulsification was destabilized because of immediate coalescence of droplets formed once downstream of MCs.
ally polydisperse, and unstable encapsulated components (e.g., bioactive proteins and cells) are inactivated due to generation of shear force and heat. During the past decade, microfluidic approaches have attracted much attention as novel methods for precisely preparing polysaccharide hydrogels. Using flow-focusing junction [6] , parallel-flow double-nozzle [7, 8] , and micronozzle array [9] devices, polysaccharide hydrogels including agarose gel beads with 80 to 300μm mean diameter and narrow size distributions were successfully obtained. With these methods, droplet size is determined using the balance between interfacial force and drag force by viscus flow.
Because the flows in these microfluidic devices are laminar due to the low Reynolds number (10 -3 usually) [10] , they are often difficult to creating small droplets (less than 50μm) with high productivity.
An alternate approach is droplet formation driven by interfacial tension using uniform, small pores or precisely fabricated channels through which a polysaccharide solution passes and spontaneously transforms into droplets. This method's advantages include unique droplet generation via a low-shear process [11] , expected suitability for encapsulating labile components such as heat-or shear-sensitive proteins and cells. Zhou et al. [12] reported the preparation of agarose gel beads from W/O emulsions produced by membrane emulsification at 55℃ using a microporous glass membrane. In their study, uniform-sized agarose beads with a mean diameter of 15 to 60μm and a coefficient of variation (CV) below 15% were obtained. In previous studies [13] , the authors demonstrated a novel method of preparing uniform-sized alginate microspheres of several micrometers in diameter using the combination method of microchannel (MC) emulsification [14, 15] and external gelation. Using MC emulsification, alginate-containing droplets with a mean diameter of 20μm and a CV below 10% could be obtained. In MC emulsification, droplets are generated spontaneously via an inter facial tensiondriven process [16] without generating severe shear force and heat. In recent works, the productivity of emulsion droplets has been remarkably improved using highdensity integration of MCs in a single chip (> 10 4 -10 5 channels per chip) [11, 17, 18] .
In this study, we focus on preparing agar gel microbeads of less than 50μm using MC emulsification. Since agar is considerably cheaper than agarose, the preparation of agar gel microbeads has a potential impact for scientific and industrial applications. To prepare agar-containing W/O emulsions, the temperature must be kept above the gel point temperature of agar solutions to prevent gelation during emulsification. Details of the effects of temperature on MC emulsification have been reported only recently [19] [20] [21] . MC emulsification at temperatures above room temperature was reported in some cases when gelatin [22, 23] , alginate [13] , and tripalmitin [24] were used as dispersed phase components. Examining the temperature effect on MC emulsification using agar solution should be informative from both fundamental and application viewpoints. were treated with HMDS to obtain hydrophobic MCs as described previously [13] .
Materials and methods

Chemicals
Agar powders were suspended in water containing 0 or 0.2 M NaCl in a test tube by mixing using a vortex mixer.
The mixtures were heated at 95℃ in a dry block bath (Model MG-2200, EYELA, Tokyo, Japan), and the result- The to-be-dispersed phase was forced through the MCs into the continuous phase to generate emulsion droplets (Fig. 1c) . During emulsification, the MC module and the syringe containing the agar solution were heated using a ribbon heater equipped with a voltage converter to control temperature. Emulsification was obser ved using a color CCD camera (WAT-231S2, Watec, Tokyo, Japan) or a digital camera with a high-speed mode (Nikon J1, Nikon, Tokyo, Japan) attached to a micro- 
Analytical methods
The diameters of the emulsion droplets and microbeads were determined by measuring the diameter of the captured images of at least 100 droplets or beads using Microsoft PowerPoint software. CV was calculated based on the following equation:
where σ is the standard deviation and d m is the mean diameter.
Viscosities of both the dispersed phase and the continuous phase were measured using a vibrational viscometer (SV-10, A&D, Tokyo, Japan) equipped with a sample chamber with a water circulator to control sample temperature.
Interfacial tension between the agar solution (1 wt%) and the continuous phase was determined using the pendant drop method. The profile of a drop of agar solution suspended in isooctane containing 3 wt% Span 85 was determined using an automatic interfacial tensiometer (DM-301, Kyowa Inter face Science Co., Ltd., Niiza, Japan). Each measurement was repeated at least 20 times, and the calculated mean values were used.
Results and discussion
Effect of NaCl addition to the dispersed phase
W/O emulsion droplets were prepared as precursors for formulating uniform-sized agar gel microbeads. In this study, grooved MC plates, on which highly uniform microgrooves with a slit-like terrace and a deeply etched well [16] were fabricated, were used for emulsification experiments. First, the effect of NaCl addition on the production of W/O emulsions was investigated using an MC-CF plate. Figure 2 illustrates typical emulsification behaviors using 1 wt% agar solution with and without the addition of 0.2 M NaCl at 45℃. Polydisperse W/O emulsions consisting of large and small droplets were produced from the outlets of MCs without NaCl in the dispersed phase. In this case, the terrace was partially wetted by the agar solution, and the dispersed phase continuously flowed out to the continuous phase; thus, polydisperse droplets formed (Fig. 2a) . In contrast, highly uniform droplets containing agar were generated from the outlets of MCs when 0.2 M NaCl was added to the to-bedispersed agar solution (Fig. 2b) . The resultant agarcontaining droplets had narrow size distributions with d m of 23μm and CV of 7%, demonstrating that monodisperse W/O emulsions were produced. As demonstrated in previous studies [26] , the osmotic pressure of the to-be-dispersed phase should affect MC emulsification behavior.
Kobayashi et al. [26] reported that osmotic pressure of at least 0. As depicted in Fig. 3 , the mean diameter of agar-containing droplets or agar gel microbeads was 15.1μm obtained using MC-CF, 23.4μm using -DS, and 33.8μm using -DL; the CV values were within 4 to 7% in each case. There was no difference between the diameter of temperature. These results demonstrate that uniform droplets/microbeads with different mean droplet diameters can be produced using MC emulsification. The obtained droplet diameters were roughly 3 times larger than each MC's depth, although the actual droplet diameter would be affected by other parameters of the MC geometry, such as terrace length [28] . The results also confirm that the mean diameter depends on the geometry of the MC. They also suggest that we can produce agar-containing aqueous droplets with various mean diameters using MC plates with appropriate dimensions (the minimum droplet diameter generated by currentlyavailable MC plate is about 1μm [11] ), even though the droplet diameter is affected by both the dimensions of the MCs and the physical properties of experiment components, including the viscosities of both dispersed and continuous phases [26, [29] [30] [31] . In later sections, we use MC-DS for emulsification experiments. [21] . Using isooctane containing 3 wt% Span 85, agar-containing droplets could be produced smoothly and uniformly in MC emulsification. These experiments confirmed that monodisperse (CV<10%) or quasi-monodisperse (CV<15%) [15, 17] agar-containing aqueous droplets could be successfully prepared at all agar concentrations ranging from 0.5 wt% to 2.0 wt% using MC emulsification, although their size uniformity depended on the experiment parameters. emulsification temperatures between 10 and 55℃ [21] . In this study, equilibrium interfacial tension decreased with increased temperature, being similar to previous data for nonionic surfactants [19] [20] [21] . Therefore, unstable MC emulsification over 50℃ in this study might be due to the nature of the agar solution; however, details of its mechanism were not clear. At emulsification temperature above 50℃, large droplet formation via quick coalescence was obser ved microscopically just after droplet generation downstream of the MC region. However, droplets did not frequently coalesce further downstream in the MC module. Thus, some differences in adsorption of nonionic Span 85 on the liquid-liquid interface at high temperature might be one cause of droplet instability. The emulsifier must be transported diffusively and adsorb to the newly created interface. To stabilize the newly created interface via coverage with the emulsifier, the diffusion and adsorption of emulsifier molecules must be sufficiently fast [19, 32, 33] . Hence, the stability of the newly created interface should be dominated by the relative rate between the diffusion-adsorption process of emulsifier molecules and the creation of the droplet interface.
Droplet formation behavior
Effect of agar concentration
Effect of emulsification temperature
At higher temperatures, the balance of these rates might change by the decrease of the relative adsorption rate.
Since the adsorption enthalpy of the nonionic surfactant is generally less than 0, adsorption equilibrium should shift to the desorption side at higher temperatures. This equilibrium shift might decrease the relative adsorption rate. In addition, the hydrophilic head groups of nonionic emulsifier molecules would be dehydrated at a high temperature; hence, their hydrophilicity would decrease.
This phenomenon might also affect the adsorption of the emulsifiers as well as the stability of the formed droplets.
Furthermore, the kinetics of the rupture of a thin film between two contact droplets induced by thermal fluctuation of the droplet-droplet contact sur faces can be described as a function of temperature: film rupture frequency increases with increased temperature [34] . To clarify the mechanism of variation of emulsification at high temperatures, further investigations must be carried out.
Conclusions
Preparation characteristics of agar-containing W/O emulsion for formulating uniform-sized agar microbeads using MC emulsification were demonstrated. Adding
NaCl to the dispersed agar solution to provide sufficient osmotic pressure was necessary for stable formation of highly monodisperse droplets. Monodisperse agar-containing W/O emulsions and agar microbeads with a mean diameter of 15 to 34μm could be prepared using 
